Interfacet surface diffusion in selective area epitaxy of III-V semiconductors
In this letter, we discuss the interfacet diffusion of group-III species from ͕111͖ B facets to the ͑100͒ plane in planar selective area epitaxy. In general, this leads to enhanced vertical growth at the edges of the ͑100͒ surface. From such edge profiles, several groups have extracted adatom ''diffusion lengths'' of ϳ1 m. This is a factor of 100 larger than reported diffusion lengths obtained by reflective high energy electron diffraction, scanning tunneling microscopy, or growth-rate analysis. We show that these values are severely overestimated and that edge profiles only give information on the propagation velocity of macrosteps. © 1999 American Institute of Physics.
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Selective area epitaxy ͑SAE͒ of III-V materials has become an important technique, as can be seen from the large number of publications in this field. Applications range from photonic and opto-electronic integrated circuits to lowdimensional quantum structures. In most cases, the final shape is crucial for the performance of the grown structure. Therefore, a better understanding of the growth process in SAE is necessary. An important and much discussed subject is the surface diffusion of the group III species. Notwithstanding the differences between molecular beam epitaxy, metalorganic vapor phase epitaxy, and chemical beam epitaxy ͑CBE͒, similar observations are reported in SAE.
1-3 Because of the perfect selectivity and the absence of gas diffusion processes, CBE is preferred to study the involved growth mechanisms.
The structures grown on partially masked ͑100͒ substrates ͑planar SAE͒ are bounded by clearly defined crystallographic facets, corresponding to the minima in a polar growth rate ͑Wulff͒ plot. Depending on the mask edge orientation, different planes are observed apart from ͑100͒. For both GaAs and InP based materials, edges aligned along ͓011͔ mainly exhibit ͕111͖ B sidewalls. Furthermore, there is always a clear indication of material transfer from ͕111͖ B to ͑100͒. This interfacet diffusion leads to a locally enhanced ͑100͒ growth rate. [4] [5] [6] [7] [8] On ͕111͖ planes, it is well established that the various group III species have different transfer rates. Thus, when mixed group III compounds are grown, also the layer composition changes near the edges of the ͑100͒ planes. Both compositional variation and local growth rate are found to depend on the ͕111͖ facet length, which implies group III diffusion lengths in excess of 0.5 m. 7, 8 Finally, the growth rate enhancement becomes more pronounced if the growth is performed at a low growth temperature, high growth rate, high V/III ratio, or at a high doping concentration. 2, [4] [5] [6] [7] [8] [9] [10] [11] This is considered to be due to a decreased adatom mobility on the ͑100͒ surface.
In this letter, we present experimental results on the group III ͑interfacet͒ diffusion on InP and InGaAs layers grown on masked ͑100͒ InP substrates using CBE. Moreover, we explain the apparent discrepancy between reported group III diffusion lengths on ͑100͒ surfaces 12 ranging from 10 nm as obtained by, e.g., reflective high energy electron diffraction ͑RHEED͒ studies, scanning tunneling microscopy ͑STM͒, or growth rate analysis [13] [14] [15] [16] to values as large as 1 m. [4] [5] [6] [7] The latter values are calculated from the relative increase in vertical growth rate R, ⌬R/R, as a function of the distance from the edge.
CBE growth was performed on ͑100͒ InP substrates masked with a 100 nm SiN x layer deposited by plasma enhanced chemical vapor deposition and patterned by photolithography and dry etching. Window openings ranged from 1 cm long stripes with widths between 1 and 5 m to rectangles with dimensions from 10 to 500 m and are oriented along ͓011͔ and ͓011͔ directions. After cleaning, stacks of alternating 100 or 250 nm thick InP layers and 10-20 nm thick lattice matched InGaAs layers were grown. The starting compounds are triethylgallium, trimethylindium, AsH 3 , and PH 3 . No carrier gas was used and the hydrides were introduced into the chamber through a high-conductance cracker cell held at a temperature of 975°C. The growth rate and V/III ratio were 0.3-0.6 m/h and 1.9-7.6 for InP and 0.3 m/h and 1.75 for InGaAs, respectively. The growth temperature was 515°C. The sample cross sections are stain etched using KOH/K 3 Fe͑CN͒ 6 and characterized by scanning electron microscopy ͑SEM͒.
As illustrated in Fig. 1͑a͒ the InGaAs layers ͑nominally 20 nm͒ show an increased thickness near the intersection of the ͕111͖ B and ͑100͒ planes. The region with increased thickness becomes more extended, up to about 0.15 m, as the ͕111͖ B facet length grows. This suggests that the group III species are able to migrate a distance of at least 0.5 m over the ͕111͖ B facet towards the ͑100͒ mesa top, as was already mentioned by Sugiura et al. 8 The growth enhancement is not observed for the InP layers in this example. As a matter of fact, the InP layer planarizes the InGaAs layer. Still, significant migration towards the mesa top takes place. This is clearly visible when using stripe windows of about the same width as the total layer thickness ͑1-2 m͒, as shown in Fig. 1͑b͒ . The structure was grown under similar conditions as the sample shown in Fig. 1͑a͒ The planarizing properties of InP are well established and are used to advantage in e.g., monolithic integration of photonic devices 17 or overgrowth of etched distributed feedback ͑DFB͒ and distributed Bragg reflector ͑DBR͒ gratings. 18 However, under conditions of reduced adatom mobility nonplanar features are observed, similar to those for InGaAs. For example, the topmost InP layer in both Figs. 1͑a͒ and 1͑b͒ is clearly nonplanar near the facet edges. This is explained by the fact that during the cooling down of the sample after termination of the growth, indium species can still migrate from the ͕111͖ planes to the mesa top, while the mobility on the ͑100͒ plane is strongly reduced. As mentioned before, if the growth is performed under conditions of lower surface mobility, more pronounced growth enhancements are formed.
To discuss the controversy concerning the group III adatom diffusion lengths, we start with the definition of the diffusion length. According to the Einstein relation:
ϭa exp(E d ϪE s /2kT), the diffusion length only depends on the type of surface (a,E d ϪE s ) and the temperature T. Here, D is the surface diffusion coefficient, 1/ d is the adatom desorption rate, a the distance between two adjacent sites and E d ϪE s the difference in activation energy between desorption and hopping. 15, 16 Thus, the diffusion length is the average migration distance of an adatom until desorption. Since there are no reliable data for the residence time before desorption d , it is not possible to determine D from measurements of e.g., the critical temperature for the disappearance of RHEED oscillations. However, E d ϪE s can be extracted from these data. Experimental values of E d ϪE s are 0.47 eV for ͑100͒ InP ͑Ref. 15͒ and 0.5 eV along ͓011͔ or 0.7 eV along ͓011͔ for ͑100͒ GaAs. 13, 14, 16 For typical growth temperatures of 500 and 650°C, respectively, this corresponds to diffusion lengths in the order of ϳ10 nm. In many letters, however, the ''diffusion length'' is the average migration distance until incorporation, which is not physically defined. In contrast to the diffusion length, this distance is sensitive to all growth parameters influencing the mobility. Nevertheless, it must always be smaller than the diffusion length. 16 For example, increasing the group III flux decreases the interarrival time int (ϳ1s͒, which reduces the migration time before incorporation if d is large compared to int . 19 This condition is normally fulfilled for both InP and ͑In͒GaAs. Thus, the ''incorporation length'' becomes smaller, while the diffusion length remains constant. Now, we discuss the analysis of the edge growth rate enhancements. In most studies the investigated layers consist of about 1 m of bulk material, grown under a range of conditions. [4] [5] [6] [7] The lateral extent of the resulting height profiles is between 1 and 2 m, whereas ⌬R decreases ''exponentially'' as a function of the distance from the edge. Under low mobility conditions, ⌬R is relatively large and the extent small, whereas a larger mobility reduces ⌬R and increases the extent of the profile. The extracted diffusion length is either simply the lateral extent or is calculated from the decay of ⌬R by solving a diffusion differential equation. [4] [5] [6] [7] However, the structure in Fig. 2 , which is grown under conditions of low surface mobility, clearly shows that the height profile grows with thickness. For the first method this implies that the diffusion length would depend on the total layer thickness. This obviously cannot be the case. The latter, more advanced method 4 assumes stationary instead of moving boundaries. More importantly, it neglects incorporation of adatoms from the ͑100͒ surface into the macroscopic step, i.e., the profile is presumed to be determined only by the flux from the sidewall. This is contradicted by experiments on macrostep propagation, which reveal that enhanced incorporation at the step gives rise to high lateral growth rates of up to 30 times the vertical rate. [20] [21] [22] Thus, it is clear that diffusion lengths calculated from ⌬R/R data are severely overestimated.
Finally, we will show that the observed profiles and their dependence on the growth conditions are consistent with diffusion lengths of a few tens of nm. Suppose the growth starts with a flat topped mesa with ͕111͖ sidewalls. If the mobility is high, like for the InP layers in Figs. 1͑a͒ and 1͑b͒ , surface steps formed at the ͕111͖-͑100͒ edge due to the flux from the ͕111͖ facet will quickly move away by step flow: a ͑100͒ diffusion length of only 10 nm already results in a step propagation velocity of at least 10 nm per monolayer due to adatom incorporation from the ͑100͒ surface only. Even near the edge, additional flux from the ͕111͖ facet contributes at most 50% to the propagation. These single steps easily merge with the layer currently forming on the ͑100͒ plane, leaving a flat surface. A low mobility, on the other hand, disturbs free step flow and enhances bunching of surface steps ͑kinematic theory͒, 23 which leads to a macroscopic step at the facet edge. During growth, this macrostep will propagate, mainly due to flux from the ͑100͒ surface 21, 22 and increase in size. The lateral velocity of a macrostep is inversely proportional to the step height so that the macrostep is always ͑much͒ slower than a single step. For layers of 1-2 m in thickness, this leads to the observed macrostep profiles with an extent of a few m. The extent of the profile will be shorter for lower mobilities on ͑100͒. [20] [21] [22] At the same time, ⌬R/R, or, the steepness of the macrostep will be larger, since the flux from the ͕111͖ sidewall is hardly affected. Thus, the reported observations on edge profiles and ⌬R/R data should be described using macrostep propagation and diffusion lengths of ϳ10 nm.
In this letter it is demonstrated that on both InP and InGaAs layers significant interfacet diffusion occurs from ͕111͖ B facets to the ͑100͒ plane. This leads to locally enhanced ͑100͒ growth. Gallium migration from ͕111͖ B to ͑100͒ is less efficient than that for indium, which leads to indium-rich InGaAs regions near the facet edges. For applications of SAE in narrow windows, such as the growth of quantum wires or dots, this process must be taken into account.
Further, it is shown that the presence of edge growth rate enhancements indicates a low adatom mobility on the ͑100͒ plane. For InGaAs layers these enhancements are always present due to the stronger chemical bonds, whereas they are only apparent on InP under nonoptimal growth conditions. We have argued that analysis of the edge profiles only gives qualitative information on the surface mobility as they are determined by the propagation velocity of macrosteps. All the observed edge profiles are consistent with diffusion lengths of ϳ10 nm as obtained by RHEED or STM.
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